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Abstract: We demonstrate pulsed polarization-entangled photons
generated from a periodically poled KTiOPO4 (PPKTP) crystal in a
Sagnac interferometer configuration at telecom wavelength. Since the
group-velocity-matching (GVM) condition is satisfied, the intrinsic spectral
purity of the photons is much higher than in the previous scheme at around
800 nm wavelength. The combination of a Sagnac interferometer and the
GVM-PPKTP crystal makes our entangled source compact, stable, highly
entangled, spectrally pure and ultra-bright. The photons were detected by
two superconducting nanowire single photon detectors (SNSPDs) with
detection efficiencies of 70% and 68% at dark counts of less than 1 kcps.
We achieved fidelities of 0.981 ± 0.0002 for |ψ−〉 and 0.980 ± 0.001 for
|ψ+〉 respectively. This GVM-PPKTP-Sagnac scheme is directly applicable
to quantum communication experiments at telecom wavelength, especially
in free space.
© 2014 Optical Society of America
OCIS codes: (270.0270) Quantum optics; (190.4410) Nonlinear optics, parametric processes.
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1. Introduction
Polarization is an important degree of freedom for photons. Polarization-entangled photons are
fundamental quantum resources in quantum information processing for many applications, such
as quantum key distribution [1], photon amplifiers [2], quantum teleportation [3] and quantum
computation [4]. The widely used technique for generating the polarization-entangled state is
based on a spontaneous parametric downconversion (SPDC) process, which can be arranged
in various configurations and with different crystals [5–12]. Recently, polarization-entangled
photons from a periodically poled KTiOPO4 (PPKTP) crystal in a Sagnac interferometer con-
figuration has become a hot topic, since this source has the merits of compactness, stability
and high brightness. Kim et al, demonstrated the first entangled photon source with a PPKTP
crystal in a Sagnac-loop with a continuous-wave (cw) pump laser at 405 nm in 2006 [13, 14].
Then, Fedrizzi et al, presented an optimized scheme with a cw pump laser in 2007 [15]. How-
ever, the cw pumped SPDC source cannot provide any timing information about when the
photon pair is generated, which is important for applications such as synchronization with sys-
tem clocks in quantum communication systems. Therefore, Kuzucu and Wong developed a
pulsed Sagnac polarization-entangled source at 780 nm in 2008 [16]. In 2012, Predojevic´ et
al, investigated the phase property of this system [17]. Now this PPKTP-Sagnac scheme has
become a common tool for the generation of polarization-entangled state and has applied in
many experiments [18–23].
However, in all the previous experiments [13–23], the entangled photons were generated at
around 800 nm wavelength. In this work, we expand such pulsed PPKTP-Sagnac scheme into
a group-velocity matched (GVM) regime and demonstrate a GVM-PPKTP-Sagnac scheme at
the telecom wavelength. The concept of GVM in SPDC was introduced by Grice and Walmsley
[24], and by Keller and Rubin [25] in 1997. PPKTP crystal with GVM condition was first
experimentally investigated by Ko¨nig and Wong [26] for second-harmonic generation in 2004.
The GVM condition in SPDC has been experimentally realized in KDP crystal at 830 nm
wavelength [27, 28], PPKTP crystal at around 1584 nm wavelength [29–31], and BBO crystal
at 1550 nm wavelength [32, 33]. The GVM condition in spontaneous four-wave mixing has
also been demonstrated in optical fibers [34]. In the case of PPKTP crystal, the GVM condition
means 2V−1g,p =V−1g,s +V
−1
g,i , where V
−1
g,µ (µ = p,s, i) is the inverse of the group velocity Vg,µ for
the pump p, the signal s, and the idler i.
With the GVM condition, the PPKTP crystal may have a high spectral purity at telecom
wavelengths [29]. The spectral purity, a parameter describing the degree of spectral uncorre-
lation between the signal and idler photons, is defined as p = Tr(ρˆ2s ) = Tr(ρˆ2i ), where ρˆs(i)
is the reduced density operator of the signal (s) or idler (i), and Tr represents the partial
trace. The spectral purity is calculated by applying Schmidt decomposition on the join spec-
tral amplitude of the signal and idler photons. See [29] for more details about spectral purity.
See [30, 31, 35–37] for the experimentally measured joint spectral intensities of the GVM-
PPKTP crystal by several different groups. Here, we compare the maximal intrinsic spectral
purity of PPKTP crystal at around 800 nm and 1550 nm in Fig. 1. The maximal intrinsic spec-
tral purity of 0.16 at the 800 nm range is much lower than that at the 1550 nm range, 0.82.
Spectral purity is of paramount importance for experiments with multi-entangled-source.
For example, in the entanglement swapping [40] or multi-photon entangled state generation
experiments [41, 42], the spectral purity of each source must be highly pure to achieve high
interference visibilities [43]. At 800 nm, to improve the purity from 0.16 to unity, we need
to adopt very narrow bandpass filters to improve the purity, and the brightness will be largely
decreased. However, only coarse bandpass filters can improve the purity from 0.82 to near unity
at telecom wavelength range [29]. Therefore, in principle, the GVM-PPKTP-Sagnac photon
source at telecom wavelengths might be much brighter than the PPKTP-Sagnac scheme at the
800 nm range for multi-entangled-source applications.
Besides the high spectral purity, another important merit of our GVM-PPKTP-Sagnac
scheme is that such high-quality polarization-entangled photons at telecom wavelengths are
suitable for long-haul transmission using low-loss optical fibers. This establishes the basis for
many quantum info-communication applications at telecom wavelength.
Furthermore, low-efficiency photon detectors were obstacles for the telecom-band experi-
ments, but the rapid development in superconducting nanowire single photon detector (SNSPD)
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Fig. 1. Typical joint spectral amplitude (JSA, a, b) and joint spectral intensity (JSI, c,
d) of the down-converted photons from a PPKTP crystal at 800 nm (a, c) and 1550 nm
(b, d), with corresponding maximal spectral purities (p) of 0.16 and 0.82, respectively. In
this simulation, we fixed the crystal lengths at 30 mm, and scanned the full width at half
maximum (FWHM) of the pump so as to obtain the maximal purities. For (a, c), with a
pump laser at 400 nm, the maximal purity was achieved at 0.16 with an FWHM of 0.014
nm (16.8 ps), and for (b, d) with a pump laser at 775 nm, the maximal purity was 0.82
with an FWHM of 0.4 nm (2.3 ps). (a, c) were calculated with the Sellmeier equations
from [38] for y direction and [39] for z direction. (b, d) were calculated with the Sellmeier
equations from [26] for y direction and [39] for z direction. The spectra of the signal and
idler photons in (b, d) have a Gaussian shape with a bandwidth of around 1.2 nm. See [29]
for more details of the simulations (b, d).
technologies has overcome this disadvantage. In this paper, we demonstrate an ultra-bright po-
larization entangled photon source with high spectral purity, and detected by state-of-the-art
SNSPDs developed by our group.
2. Experiment
The experimental setup is shown in Fig. 2. In this Sagnac interferometer configuration, the
pump beam is split into two, the clockwise (CW) pump and the counterclockwise (CCW)
pump. Both the CW and CCW pump beams are in opposite directions, but follow the same
path, therefore this scheme is robust against the optical path changes and can keep phase ultra
stable. Another important feature of this configuration is that the temporal walk-off between the
signal (with higher group velocity) and idler (with lower group velocity) can be automatically
cancelled out, since the signal (idler) generated by CW pump propagates along with the signal
(idler) generated by the CCW pump. A fine alignment of the Sagnac loop is not easy. Therefore,
we make a mathematical simulation [44] to simulate the beam propagations in a triangle shape
Sagnac-loop. From this simulation, we can learn that the output beams are always in parallel,
but never cross. In order to achieve a completely collinear configuration for both the CW and
CCW pump beams, the residual pump beams must overlap with the input laser.
Our superconducting nanowire single photon detectors (SNSPDs) are fabricated with 5-9 nm
thick and 80-100 nm wide niobium nitride (NbN) or niobium titanium nitride (NbTiN) meander
nanowires on thermally oxidized silicon substrates [45, 46]. The nanowire covers an area of 15
µm × 15 µm. The SNSPDs are installed in a Gifford-McMahon cryocooler system and are
cooled to 2.1 Kelvin. The maximum system detection efficiency (SDE) is 79% with a dark
count rate (DCR) of 2 kcps. The measured timing jitter and dead time (recovery time) were
68 ps [45] and 40 ns [47]. In this experiment, the SDEs of the two SNSPDs were set at 70 %
and 68%, corresponding to DCRs of less than 1 kcps. In our previous experiment, we achieved
coincidence counts of 400 kcps (1.17 Mcps) at a pump power of 100 mW (400 mW) with our
PPKTP crystal and SNSPDs [48].
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Fig. 2. The experimental setup. Picosecond laser pulses (76 MHz, 792 nm, temporal dura-
tion ∼ 2 ps) from a mode-locked Titanium sapphire laser (Mira900, Coherent Inc.) passed
through an optical isolator (OI), a half-wave plate (HWP) and a quarter-wave plate (QWP).
Then the pulses were focused by a f = 200 mm lens (beam waist ∼ 45 µm), reflected
by a dichroic mirror (DM: DMLP1180, Thorlabs) and guided into a Sagnac-loop. The
Sagnac-loop consisted of a dual-wavelength polarization beam splitter (DPBS, extinction
ratio = 200 : 1, Union Optics), a dual-wavelength HWP (DHWP, for both 792 nm and
1584 nm, Union Optics), and a 30-mm-long PPKTP crystal with a polling period of 46.1
µm for a type-II collinear group-velocity-matched SPDC. The temperature of the PPKTP
was maintained at 32.5◦C to achieve a degenerate wavelength at 1584 nm. The PPKTP
crystal was pumped by clockwise (CW) and counterclockwise (CCW) laser pulses at the
same time. The DHWP is set at 45 degree to make the CCW pump horizontally polar-
ized. The down-converted photons, i.e., the signal and idler, were collimated by another
two f = 200 mm lenses, filtered by longpass filters (LPFs) and then coupled into single-
mode fibers by two couplers (SMFC). Finally, all the collected photons were sent to two
superconducting nanowire single-photon detectors (SNSPDs), which were connected to a
coincidence counter (&). To test the polarization correlation, we inserted two sets of Polar-
izers (HWP+PBS) before SMFCs. To carry out quantum state tomography, we replaced the
combination of HWP+PBS with that of HWP+QWP+PBS. Since the SNSPDs were polar-
ization dependent, the photons input into the SNSPD were adjusted by fiber-polarization
controllers (not shown). The overall efficiency was estimated as 0.10, including the de-
tectors’ average efficiency of 0.69, the SMFCs’ average collection efficiency of 0.23 and
the whole optics’ transmission efficiency of 0.64.
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Fig. 3. Two-fold coincidence counts in one second as a function of the two polarizers, with
a pump power of 10 mW. (a) for
∣∣ψ−〉 state, (b) for ∣∣ψ+〉 state. The background counts
have been subtracted. The error bars were added by assuming Poissonian statistics of these
coincidence counts.
The output state of this scheme is
|Ψ〉 ∝ |H〉 |V 〉+ eiφβ |V 〉 |H〉 , (1)
where φ is the relative phase between the two paths in the CW and CCW directions, and β is the
ratio of the two pumps [13]. By rotating the angle of QWP and HWP, we change φ and β . By
slightly moving the position of PPKTP, we can finely adjust the relative phase φ by changing
the Gouy phase [17, 49]. We can easily exchange the state between |ψ−〉= 1√
2
(|HV 〉− |VH〉)
and |ψ+〉= 1√
2
(|HV 〉+ |VH〉) by rotating the angle of QWP and HWP.
We set the pump power at 10 mW and carried out a polarization correlation measurement
by recording the coincidence counts while changing the angles θ1 and θ2 of Polarizer 1 and
Polarizer 2, respectively. The experimental results for some fixed values of θ1 ( θ1 = 0, 45, 90
and 135 degrees) are shown in Fig. 3. For |ψ−〉 state in Fig. 3(a), after background subtraction,
the visibilities were 98.0% , 96.5% , 96.5% , 96.4% for Polarizer 1 at 0, 45, 90 and 135 de-
grees, respectively. Before background subtraction, the visibilities were 96.7%, 95.3%, 95.5%
and 95.2%, respectively. For |ψ+〉 state in Fig. 3(b), the background subtracted visibilities were
99.1% , 96.4% , 98.9% , 96.3% for Polarizer 1 equaled to 0, 45, 90 and 135 degree, respectively.
Before background subtraction, the visibilities were 97.4%, 95.2%, 98.0% and 95.0%. Besides
the background counts, other two reasons for the degradation of the visibilities were the imper-
fect compensation of the phase φ in Eq.( 1), and the low extinction ratio of the DPBS (around
200:1). The measured maximum coincidence count in Fig. 3 was 10 kcps, which corresponded
to a coincidence of 20 kcps without polarizers.
All the fringe visibilities in Fig. 3 were higher than 96%, which exceeded 71%, the bound
required to violate the Bell’s inequality (also called Bell-CHSH inequality) [50]. We measured
(a)
(b)
Fig. 4. Real (left) and imaginary (right) parts of the reconstructed density matrix. (a) for∣∣ψ−〉 state, (b) for ∣∣ψ+〉 state.
the Bell parameter S, which directly indicated the violation of Bell’s inequality [51]. For |ψ−〉
state, the obtained value of S was 2.75 ± 0.01 (75 σ ) with 1 s accumulation time for each
polarizer set, and 2.75 ± 0.003 (250 σ ) with 10 s. Without background subtraction, the raw S
was 2.72 ± 0.01 for 1 s, and 2.72 ± 0.003 for 10 s. For |ψ+〉 state, the obtained value of S was
2.76 ± 0.01 (76 σ ) for 1 s accumulation time for each polarizer set, 2.75 ± 0.003 (250 σ ) for
10 s, and 2.76 ± 0.001 (760 σ ) for 100 s.
We also carried out state tomography of our two-photon polarization state. Polarizer 1 and
2 in Fig. 2 were replaced by combinations of HWP, QWP and PBS, to allow polarization cor-
relation analysis in not only linear but also circular polarization bases. The density matrix ρexp
reconstructed with a maximum likelihood estimation method [52] is shown in Fig. 4. The fideli-
ties [53], F ≡ 〈ψ±|ρexp |ψ±〉, to the ideal Bell state |ψ±〉, were estimated as 0.981 ± 0.0002
(0.973 ± 0.0002) for |ψ−〉 and 0.980 ± 0.001 (0.968 ± 0.001) for |ψ+〉 with background sub-
tracted data (raw data) accumulated in 10s. The corresponding concurrences [54] were 0.981
± 0.0004 (0.971 ± 0.0008) and 0.969 ± 0.002 (0.956 ± 0.002), respectively. These values
indicated that our states were highly entangled.
To investigate the effect of multi-pair emission on the entangled state, we measured the vis-
ibility as a function of pump power, as shown in Fig. 5. The raw visibilities exhibited a linear
decrease with respect to the increase of the pump power, providing evidence of multi-pair gen-
eration at higher pump power [30]. After background subtraction, the visibility was almost
fixed at 96% for pump power from 10 mW to 100 mW. In the future, this low visibility at high
pump power can be improved by using a laser with high repetition rate and low average power
per pulse, such as the 10 GHz-repetition-rate comb laser [55].
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Fig. 5. Raw and background subtracted visibilities with Polarizer 1 set at 45 degrees for the∣∣ψ−〉 state as a function of incident pump power. The uncertainties of these visibilities were
derived using Poissonian errors on the coincidence counts. The left two points corresponds
to the data in Fig. 3 and 4, with an average photon numbers per pulse of 0.014.
3. Discussion and Outlook
Comparing our scheme with the previous entangled photon source with a GVM-PPKTP crystal
in a calcite beam displacer configuration at telecom wavelength [30], our count rates are more
than 100 times higher, mainly thanks to our highly efficient SNSPDs and fine alignment in
Sagnac-loop. Obtaining entangled photon pairs with a high count rate and a low pump power
at telecom wavelength is an important feature of our scheme.
In this experiment, we set the wavelength of the signal and the idler to be the same. By
changing the temperature, we could also obtain non-degenerated entangled photons, which can
be used to prepare a frequency-entangled state or hyper-entangled state at telecom wavelengths
[56]. Since the PPKTP crystal has the property of a spectrally wide tunablility with high purity
[29], the source can also be a wavelength-widely-tunable entangled photon source by using
broadband dual-wavelength HWP and PBS in Fig. 2.
In the future, this polarization-entangled photon source will be useful for a variety of appli-
cations in quantum information and communication at telecom wavelengths. For example, this
source is directly applicable to free space quantum key distribution at telecom wavelengths and
short distance fiber communications. It can also be applied to quantum communication exper-
iments using multiple entangled photon sources, such as quantum teleportation and entangle-
ment swapping. By changing this polarization-entangled photon source to a time-bin entangled
photon source by simply using a Mach-Zehnder-type delay system, this source can be used for
a long-distance fiber-based quantum key distribution system.
4. Conclusion
In summary, we have demonstrated a polarization-entangled photon source with a PPKTP crys-
tal in a Sagnac interferometer configuration. The PPKTP crystal satisfies the GVM condition
at telecom wavelengths, therefore, the intrinsic spectral purity is much higher than that at the
near-infrared wavelength range. We have achieved visibilities of over 96% in quantum correla-
tion measurement, an S value of 2.76 ± 0.001 in Bell’s inequality measurement, and fidelities
of 0.98 ± 0.0002 in quantum state tomography. The photons were detected by highly efficient
SNSPDs and coincidence counts of 20 kcps were achieved at 10 mW pump. This entangled
photon source is compact, robust, highly-entangled, ultra-bright and spectrally highly pure.
Our GVM-PPKTP-Sagnac scheme will be useful for quantum information and communication
systems.
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